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Abstract 
 
Changes in the physical properties of a degraded hardsetting soil (Alfisol) after 
treatment with an anionic polymer (PAM) at a range of application rate (0-0.01 % by weight) 
and antecedent soil water content were investigated.  Significant improvement in soil physical 
properties, namely increased water stable aggregation, reduction in tensile strength and bulk 
density was detected in the treated soil at the lowest application rate (0.001%) and the effects 
increased with increasing rate of application.  At the same polymer application rate, the 
improvement was greater at lower antecedent soil water content.  However, the soil water 
content had a much smaller effect on soil physical properties than the polymer application rate.  
While zero germination was observed in the control soil (no polymer), significant improvement 
in germination of cotton was detected at an application rate of 7 kg ha-1 (0.005% of polymer by 
weight to 1 cm depth). 
 
The reduction in tensile strength of the polymer amended soil was most significantly 
related to the decrease in the amount of fine material (<50 μm) produced on wetting.  
Therefore, the anionic polymer ameliorates hardsetting by promoting formation of water stable 
bondings within microaggregate size range (<250 μm). 
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1.  Introduction 
 
Hardsetting soils are structurally unstable soils common in Australia and Africa 
(Mullins et al., 1990).  Because of the instability to wetting, the cultivated soils set to 
almost homogenous masses on drying and present physical problems such as high soil 
strength, poor infiltration and crusting which tend to adversely affecting crop 
performance and management (Ley et al., 1989; Mullins et al., 1990; Chan and Khu, 
1994).  The latter include the loss in the timeliness of cultivation, more frequent 
irrigation and cultivation leading to further deterioration in soil structure.  Recent 
research showed that the exacerbation in hardsetting problems under inappropriate 
management is related to the losses in aggregation and aggregate stability, both of 
which are very dependent on soil organic carbon content of these soils.  Mullins et al. 
(1987) hypothesised that the increases in strength of hardsetting soils on drying are 
caused by the formation of bridges of fine materials (silt/clay) produced on wetting.  
There is a significant relationship between soil strength and the amount of fine material 
(<50 μm) released on wetting (Young and Mullins, 1991; Chan, 1995). 
 
Recently there is a revived interest in the use of polymers as conditioners to 
improve soil physical properties.  Compared to KriliumR which was introduced in the 
1950s, the new generation polymers have much higher molecular weight and higher 
water solubility.  Recent research has shown significant improvement in soil physical 
properties, namely increased infiltration rate (Wallace and Wallace, 1986a), reduction 
in soil crust strength (Helalia and Letey, 1989) with resulting improvement in crop 
establishment (Wallace and Wallace, 1986b; Helalia and Letey, 1989) and yield 
(Wallace and Wallace, 1986a).  The improvement can be achieved at much lower 
application rates (e.g. Wallace and Wallace (1986a) reported improved infiltration at a 
rate of 0.000025%), much lower than those required in the case of Krilium and other 
similar earlier products (around 0.1%, De Boodt, 1972). 
 
No research has been carried out specifically on the possibility of ameliorating 
degraded hardsetting soils using these new products.  This paper presents results of the 
effect of the application of an anionic polymer on the structure and physical properties 
of a degraded hardsetting soil.  Changes in physical properties were compared over a 
range of application rates and antecedent soil water contents. 
 
 
2.  Materials and methods 
 
2.1  The polymer and the soil 
 
The polymer used was an anionic polyacrylamide (Cytec Superfloc A130) with 
a molecular weight of 10-15 millions and 35 mol.-% charge.  Polymer solution of four 
concentrations in de-ionised water were prepared, namely, 0, 0.01, 0.05 and 0.1% by 
weight. 
 
The soil was collected from 0-0.1 m layer of an Alfisol near Trangie (Lat. 
31°57'S, Long. 148°03'E), NSW, Australia.  The site had been cropped for more than 20 
years under conventional cultivation practice which involved three cultivations using 
scarifier to 0.1 m prior to sowing and stubble burning.  The soil exhibited severe 
hardsetting problems which had resulted in poor crop emergence and failures (Chan and 
Khu, 1994; Chan, 1995).  Clay mineralogy of the soil was comprised of illite, koalinite 
and small amount of randomly interstratified minerals.  Table 1 presents some of the 
physical and chemical properties of the soil. 
 
Table 1. 
Physical and chemical properties of the soil (0-0.1 m) 
pH a EC b 
(dSm-1) 
OC c 
(g kg-1) 
Exchangeable cations 
cmol (+) (kg-1) 
 Particle size analysis 
(g kg-1) 
   Ca Mg K Na  cs fs si c 
5.0 0.02 8.7 2.61 0.55 0.68 0.02  4.20 300 120 160 
a 0.01 M CaCl2 
b Electrical conductivity in 1:5 soil/water extract 
c Soil organic carbon 
cs = coarse sand (200-2000 µm), fs = fine sand (20-200 µm), si = silt (2-20 µm), c = clay (<2 
µm) 
 
2.2  Polymer treatment 
 
The soil was air dried (= 0.01 kg kg-1) and ground to pass through 2 mm sieve.  
Soil samples each weighing 0.5 kg were gently wetted using an atomiser to three 
different antecedent soil water contents, namely 0.01, 0.05, 0.075 and 0.1 kg kg-1 and 
allowed to equilibrate for 24 h.  Twelve soil samples were prepared for each of the 
antecedent soil water content.  50 mL of polymer solution were then applied by an 
atomiser to three soil samples at each of the three antecedent soil water content as well 
as the air dried soil.  This was repeated for each of the different polymer concentrations 
(0, 0.01, 0.05 and 0.1%) to achieve four application rates of polymer application, 
namely 0, 0.001, 0.005 and 0.01% expressed on the basis of the weight of oven dried 
soil.  The wetted soil samples were equilibrated for 24 h before drying at 35°C for 72 h. 
 The dried soil samples were gently crushed to pass through a 6 mm sieve and mixed 
thoroughly. 
 
2.3  Soil measurements 
 
2.3.1  Wet sieving 
About 20 g of air-dried <6 mm treated soil was weighed and wet sieved for 10 
min using a net of sieves of 4 mm, 2 mm and 250 µm aperture in a 2 L cylindrical 
container.  After the wet sieving, the container was inverted 10 times and the <50 µm 
(0.05 mm) materials determined using the pipette sampling technique.  The percentage 
of soil materials by weight retained in the different fractions was calculated. 
 
2.3.2  Flooding of repacked soil disks 
In order to simulate the effect of quick wetting on seedbed prepared from the 
polymer amended soils, 27 g of <6 mm air dried soil from each treatment replicate was 
packed into each of sixteen perspex cylinders (25.8 mm diameter and 13 mm high) 
which were immersed in a shallow tray of water.  The cylinder was gently tapped as the 
soil was gradually added to achieve uniform packing.  After standing for about 4 h, free 
water from the tray was drained and the soil cylinders allowed to dry at room 
temperature for 4 h and the soil disks were separated from the perspex cylinders and 
dried at 40°C for 48 h.  Ten of the soil disks from each treatment replicate were placed 
on their sides and crushed between two parallel plates (Dexter and Kroesbergen, 1985) 
and tensile strength of the cylindrical soil disk (T) was calculated using the formula 
 
 
 
where F is the load applied at the point of failure, D and L are the diameter and height 
of the soil disks respectively.  Water content of the soil disks was also determined after 
crushing.  Bulk density of the remaining six air-dried soil disks was determined by wax 
coating method (McIntyre and Loveday, 1974). 
 
2.4  Pot experiment 
 
15 by 15 cm square-mouth pots were filled to 10 cm with untreated air dried soil 
(<2 mm) to a bulk density of 1.3 Mg m-3.  Five cotton seeds were then placed on top 
which in turn were covered by 1 cm layer of the air dried polymer treated soils.  
Polymer treated soil from only one antecedent water content, namely air dried was used 
for this experiment.  There were five pots for each polymer application rate.  Water was 
then added quickly from the top to achieve field capacity water content.  The pots were 
then covered by plastic bags overnight before placing in the glasshouse.  Germination 
was noted twice daily until no more germination took place.  At the end of the 
experiment, strength of the surface soil was measured using a ChatillonR pressure 
gauge. 
 
 
3.  Results and discussion  
 
Table 2 summarises the results of analysis of variance of the effect of polymer 
concentration, antecedent soil water content as well as their interaction on the water 
stability of the different size fraction soils.  The effect of polymer concentration was 
highly significant (P<0.001) for all size fractions.  However, significant antecedent soil 
water content effect and significant interactions were only found in the smaller size 
fractions, namely 2-0.25 and <0.05 mm for soil water content, and 2-0.25, 0.25-0.05 
and <0.05 mm for the interaction.  As shown in Fig. 1, the amounts of water stable >4 
and 2-4 mm fractions increased with polymer concentration.  While both were 
negligible in the control (0 polymer) and the lowest polymer concentration (<0.001%) 
treatments, they were significantly greater at the higher polymer concentrations.  
Significant greater amount of 2-0.25 mm fraction was detectable at the lowest polymer 
concentration compared to the control soil (Fig. 1).  Polymer application clearly had the 
effect of promoting water stability of macroaggregates (>0.25 mm) as significant 
positive effect was detectable at the lowest application rate (Fig. 2).  For the smaller 
size fractions (0.05-0.25 and <0.05 mm), the amounts decreased with increasing 
polymer concentration (Fig. 1).  For the <0.05 mm fraction, significant decrease was 
detected at polymer concentration of 0.001%, the lowest polymer concentration used. 
 
Table 2. 
Results of analysis of variance of water stability for the different size fractions of soils 
expressed as significant levels of the F (variance ratio) value 
 size fractions (mm) 
Main effects and interactions >4 2-4 2-0.25 0.25-0.05 <0.05 
Polymer concentration *** *** *** *** *** 
Soil water content ns ns * ns *** 
Interaction ns ns ** ** ** 
* P<0.05. 
** P<0.01. 
*** P<0.001. 
ns: not significant. 
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Fig. 1.  Changes in water stable size fractions (averaged over soil water content) as a function of 
polymer concentration ( (open bar) >4 mm; (left shaded) 2-4 mm; (right shaded) 0.25-2 mm; 
(double shaded) 0.05-0.25 mm; (striped horizontally) <0.05 mm, lsd0.05 are respectively 1.5, 
0.92, 2.14, 1.26 and 1.11 for the different fractions). 
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Fig. 2.  Changes in water stability of macroaggregates (>0.25 mm) as a function of polymer 
concentration. 
 
While antecedent soil water content did not affect the proportion of 
macroaggregate (>0.25 mm) (Table 2), it had a significant effects on the proportions of 
smaller size aggregates (2-0.25 and <0.05 mm).  Significant polymer × soil water 
content interaction indicated that, for the 2-0.25 mm fraction, while the proportion of 
water stable aggregate did not change with antecedent soil water content at 0 and 
0.001%, it tended to decrease with increasing soil water content at the higher polymer 
application rates (Fig. 3a).  For the <0.05 mm fraction, while the proportion did not 
change with antecedent soil water content in the control soil, it tended to increase with 
increasing soil water content in all the polymer treated soils (Fig. 3b).  The effect 
became significant at antecedent soil water content >0.06 kg kg-1 in the case of polymer 
application rates of 0.001 and 0.01%. 
 
3.1.  Tensile strength and bulk density of repacked soil disks 
 
Corresponding to increases in water stability as a result of the polymer 
treatment, there were significant reduction in tensile strength (T) (Fig. 4) of the 
repacked disks with increasing polymer concentration.  The effect of polymer in 
reducing tensile strength was more pronounced at lower concentrations (with the iso-
tensile strength lines closer together).  There was a tendency for tensile strength to 
increase with increasing antecedent water content even in the case of control soil. 
 
 
 
Fig. 3.  Variation of proportion of (a) 2-0.025 mm and (b) 0.05 mm fractions produced at 
different antecedent soil water contents and polymer concentrations (z  0%    0.001%  ¿  
0.005%  À  0.01%). 
 
 
Fig. 4.  Contour plot of the tensile strength (kPa) of repacked soil disks as a function of polymer 
concentration and antecedent soil water content. 
 
 
Reduction in tensile strength of the polymer treated disks was accompanied by 
reduction in the bulk density (BD).  The changes in tensile strength and bulk density 
were highly significantly (P<0.001) related 
 
T = 7.903(BD) - 10.25                 r2 = 0.903*** 
 
3.2.  Pot experiment 
 
No germination of cotton was detected in the control soil (no polymer) where 
penetration resistance of the surface soil was the highest (Fig. 5).  The soil penetration 
resistance decreased with increasing polymer application and this was accompanied by 
increasing percentage of germination.  A maximum germination of 84% was reached 
when the polymer application rate was 0.005%. 
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Fig. 5.  Variation in germination of cotton seeds and penetration resistance of soil at different 
polymer application rates (z  % germination;  {  penetration resistance). 
 
 
3.3.  Mechanisms 
 
The polymer acted by improving water stability and therefore reducing 
structural breakdown of the treated soil on wetting, thus resulting in less seedbed 
slumping and lower bulk density.  Furthermore, regression analysis between tensile 
strength and proportion of water stable size fractions showed that the tensile strength 
was most significantly related to the <0.05 mm fraction (Table 3).  The results therefore 
confirm previous findings that hardsetting and therefore development of high soil 
strength are related to the amount of fine material (<0.05 mm) released on wetting as a 
result of slaking and dispersion (Young and Mullins, 1991; Chan, 1995).  Polymer 
application reduced soil strength by reducing the breakdown of soil to <0.05 mm 
particles/fragments.  Anionic polymer can stabilise clay particles by promoting 
bondings in a number of ways, namely, hydrogen bondings, electrostatic bondings 
between cationic charges present on the anionic polymers at low pH and negative sites 
on clay and vice versa, as well as co-ordinate bondings formation between positive 
charges of polyvalent cations and the negative charges of clay and polyanionic 
polymers (Wallace et al., 1986).  However, to achieve these, the polymer 
macromolecules had to get into intimate contact with the individual fine soil particles 
(silt and clay).  This therefore explains the observed greater improvement at lower 
antecedent soil water content as bondings are more easily achieved at lower antecedent 
soil water content.  At higher soil water content, the soil pores are filled up with water.  
Sodones et al. (1976) also reported higher degree of water stability as a result of 
polymer treatment without prewetting (lower initial water content) and attributed this to 
the strong capillary forces acting in a dry soil in distributing the polymer, whereas in the 
wet soil, movement of polymer relied only on diffusion forces. 
Table 3. 
Percentages of variance accounted for in the regression analysis between tensile 
strength of soil disks and proportion of different size fractions of water stable 
aggregates 
Size fractions 
(mm) 
Percentage of 
variance 
>4 43.5 
2-4 62.7 
0.25-2 48.6 
0.05-0.25 60.2 
<0.05 84.2 
 
 
3.4.  Application in the field 
 
Once degraded, amelioration of hardsetting soils often present problems because 
of the difficulty in re-estatblishing vegetation due to the unfavouarable soil physical 
environment (Chan, 1995).  The beneficial effect of pasture in improving soil organic 
carbon and soil structure have been demonstrated (Chan and Khu, 1994).  It is 
interesting to note that even at the highest polymer concentration, it was only 0.01% i.e. 
a hundredth of the total soil organic carbon level.  Therefore, it is the quality rather than 
quantity of soil organic matter that is important in soil structural stabilisation.  Certain 
types of soil organic matter present in the soil are more important than others in 
maintaining soil structure.  Results from this experiment demonstrate the possibility of 
using polymer to promote the re-establishment of pasture on the degraded soils as a first 
step in the amelioration process.  Furthermore, present results show that only a shallow 
layer of surface soil (1 cm) needs to be treated to improve seed germination and 
therefore improvement can be achieved at fairly low rate (7 kg ha-1 at a rate of 0.005% 
to a depth of 1 cm at a bulk density of 1.4 Mg m-3). 
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